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We identify the interfollicular (IF) zone as the site
where germinal center B cell and T follicular helper
(Tfh) cell differentiation initiates. For the first 2 days
postimmunization, antigen-specific T and B cells
remained confined within the IF zone, formed long-
lived interactions, and upregulated the transcrip-
tional repressor Bcl6. T cells also acquired the Tfh
cell markers CXCR5, PD-1, and GL7. Responding B
and T cells migrated to the follicle interior directly
from the IF zone, T cell immigration preceding B cells
by 1 day. Notably, in the absence of cognate B cells,
Tfh cells still formed and migrated to the follicle.
However, without such B cells, PD-1, ICOS, and
GL7 were no longer expressed on follicular Bcl6hi
T cells that nevertheless persisted in the follicle.
Thus, Ag-specific B cells are required for the mainte-
nance of the PD-1hiICOShiGL7hi Tfh cell phenotype
within the follicle, but not for their initial differentia-
tion in the IF zone.
INTRODUCTION
Germinal centers (GCs) are central to the formation of long-lived,
high-affinity T cell-dependent B cell responses, because it is
within GCs that clonal expansion, somatic hypermutation,
affinity maturation, as well as development of B cell memory
and long-lived plasma cells occur (Allen et al., 2007; Good-
Jacobson and Shlomchik, 2010; Hauser et al., 2010). In a GC
response, B cell activation is initiated in the follicle where it
encounters specific antigen (Ag) (Batista and Harwood, 2009).
After this, B cells have been reported to relocate to the periphery
of the follicle (Garside et al., 1998; Okada et al., 2005), an event
dependent on the orphan G protein-coupled receptor EBI2
(Gatto et al., 2009; Pereira et al., 2009). Initial activation of
Ag-specific T cells is thought to occur in the T cell zone through
encounters with dendritic cells (DCs). Similar to activated B cells,
at least some activated T cells migrate toward the follicle after
upregulating the chemokine receptor CXCR5 (Ansel et al.,
1999; Haynes et al., 2007). Direct in vivo observations made
during the first 24 hr of immunization via two-photon laserscanning microscopy revealed that Ag-specific B and T cells
interact with each other and form long-lived pairs (Okada et al.,
2005; Qi et al., 2008), which may drive their subsequent differen-
tiation. These studies did not directly determine the anatomical
location along the follicular periphery of these interactions,
however. Although these interactions are typically assumed to
occur at the border between the follicle and T cell zone, B cells
have also been reported to relocate to the area between follicles,
the interfollicular (IF) zone (Garside et al., 1998; Okada et al.,
2005).
The current model of GC development states that, after inter-
acting with cognate T cells, activated B cells commit to one of
two potential fates; they either re-enter the follicle and commit
to the formation of a new GC or they migrate away from the
follicle and immediately terminally differentiate into short-lived
antibody-forming cells, which rapidly generate low-affinity anti-
body as an early protective measure while the GC is developing
(McHeyzer-Williams and McHeyzer-Williams, 2005). Similarly,
some activated CD4+ T cells differentiate into a subset highly
specialized to enter the follicle and supply cytokine and other
support to GC B cells (King et al., 2008; Nurieva and Chung,
2010; Reinhardt et al., 2009; Vinuesa et al., 2010). These T follic-
ular helper (Tfh) cells are typically identified by their expression of
cell surface markers such as PD-1 and/or ICOS in conjunction
with CXCR5, which has been used as a proxy for location within
the follicle. Though it has been known for some time that the
differentiation of GC B cells is controlled by the transcriptional
repressor Bcl6 (Crotty et al., 2010; Dent et al., 1997), it was
only recently shown that Tfh cell differentiation is similarly
dependent on Bcl6 (Crotty et al., 2010; Johnston et al., 2009;
Nurieva et al., 2009; Yu et al., 2009b). Therefore, Bcl6 is a master
regulator of the GC response and might be considered an early
marker of commitment to this pathway in both cell types.
Similar to the dependency of GC B cell differentiation on T cell
help, differentiation of Tfh cells may be dependent on interac-
tions with cognate B cells. In the absence of cognate B cells,
or if interactions between T and B cells are interfered with,
several investigators have observed that the Tfh cell population
is no longer evident at a time point otherwise consistent with
the development of a mature GC (Akiba et al., 2005; Haynes
et al., 2007; Johnston et al., 2009; Yu et al., 2009a). However,
amore recent study suggests that it is not a unique signal derived
from contacts with B cells per se that is required to promote Tfh
cell differentiation (Deenick et al., 2010). Rather, the authorsImmunity 34, 947–960, June 24, 2011 ª2011 Elsevier Inc. 947
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driving the process, because the Tfh cell population could still
be identified in the absence of cognate or MHC-sufficient B cells
if additional peptide antigen was administered in the days after
the original immunization.
The interactions between cognate B and T cells have been
reported to occur 1–2 days postexposure to antigen (Garside
et al., 1998; Okada et al., 2005; Qi et al., 2008). Almost nothing
is known about the events that follow these interactions and
lead to the emergence of a mature GC in the follicle several
days later. A recent study suggested that, in the spleen, B cells
may undergo additional proliferation in the outer follicle prior to
entering the follicle to form a new GC (Coffey et al., 2009),
although evidence of fate commitment made at the site was
not presented. Therefore, several critical questions remain to
be addressed regarding the timing of B cell commitment to the
GC pathway and the anatomical context in which it occurs. Simi-
larly, little is known about Tfh cell differentiation, it’s timing, and
the extent to which B cells influence the process.
Herewe present evidence that challenge tenants of the current
model of GC development. We show that the IF zone is a distinct
environment in the lymph node where the first events of Tfh and
GCB cell differentiation occur. Indeed, elevated Bcl6 expression
by both Ag-specific B cells and T cells was observed in the IF
zone early in the response, but not at the SCS. Therefore, exten-
sive commitment to the GC B cell and Tfh cell lineages occurs
much earlier than previously thought, outside of the follicle and
not adjacent to the SCS. Importantly, we found that the proto-
typic CXCR5hiPD-1hiGL7hi phenotype is induced on the majority
of responding T cells very rapidly and prior, even, to their entry
into the follicle. However, the phenotype is maintained only on
a subpopulation of T cells residing in the follicle. Finally, we
show that T cells are able to attain a Tfh cell phenotype and
gain access to the follicle early in the GC response in the
absence of cognate B cell help, even after a single immunization.
However, once in the follicle these T cells did not maintain Tfh
cell markers such as PD-1 or ICOS, demonstrating that cognate
B cells are required to maintain the phenotype of the population,
but not its location within the follicle.
RESULTS
Antigen-Specific B and T Cells Follow a Prescribed
Route through the IF Zone Early in the GC Response
We developed a transfer system to allow us to identify and follow
the movements of Ag-specific T and B cells in the early stages of
the GC response. Ovalbumin (OVA)-specific (OT-II) T cells and
Nitrophenyl hapten (NP)-specific B cells (homozygous for the
targeted insertion of the Vh 186.2 Ig heavy chain allele derived
from the B1-8 hybridoma and also bearing a homozygous
deletion of the Jk locus, see Experimental Procedures) were
transferred to recipients bearing an irrelevant TCR transgene
(SMARTA) to eliminate the endogenous T cell response to
OVA. In addition to the TCR or BCR transgene, transferred cells
also constitutively expressed a fluorescent protein (GFP for B
cells and RFP for T cells, unless otherwise stated).
In initial experiments, RFP+OVA-specific T cells andGFP+NP-
specific B cells were transferred and recipients were immunized
in the footpad 2 days later with NP-haptenated OVA (NP-OVA) in948 Immunity 34, 947–960, June 24, 2011 ª2011 Elsevier Inc.CFA. Draining popliteal lymph nodes were harvested 1–4 days
later and prepared for histological sectioning. Preliminary exper-
iments were performed to determine the appropriate number of
Ag-specific T and B cells to transfer to ensure sufficient numbers
of cells for analysis of homing tendencies and for intravital
imaging. Because of the proliferation of activated cells, more
cells were required for earlier time points. However, we did
not observe any differences in cell homing or kinetics of the
response with transfer of different number of cells (not shown).
It is currently envisioned that, within 1 day of exposure to
antigen, responding B cells migrate to the border between the
follicle and the T cell zone. Consistent with this, we observed
that transferred GFP+ Ag-specific B cells did indeed move
to the follicular border 1 day postimmunization (Figure 1A).
However, instead of concentrating at the border with the T cell
zone, these cells were predominantly found within the region
between two follicles, i.e., the IF zone (see Experimental Proce-
dures for region definitions). RFP+ T cells were also found in the
IF zone at this time point but not in mice that received cells but
were not immunized. Ag-specific B cells remained restricted to
the IF zone in association with cognate T cells 2 days postimmu-
nization. However, GFP+ cells were physically closer to the
capsule 2 days postimmunization compared to 1 day postimmu-
nization (Figure 1B), suggesting an overall migration of these
cells away from the T cell zone. In a separate study of this
process in the spleen, Ag-specific B cells migrated to the
follicular periphery 1 day postimmunization (Figure S1 available
online), consistent with our observations in the lymph node.
However, whereas responding B cells clustered within IF zones
or at terminal ends of follicles in some cases, in others B cells
were spread more evenly along the border with the T cell zone
for the first 3 days of the response (Figure S1 and not shown).
Therefore, although B cells do relocate to the IF zone in the
spleen, they do so less exclusively than in the lymph node.
In the lymph node, two dramatic changes in cell localization
occurred 3 days postimmunization. First, RFP+ T cells, which
had previously been excluded from the follicle, began to enter
the follicle in large numbers (Figures 1A). Second, whereas
GFP+ B cells remained within the IF zone and were largely
excluded from the follicle center at this time point, a large
number of Ag-specific B cells aggregated in the area immedi-
ately adjacent to the SCS. GFP+ B cells did not enter the center
of the follicle until 4 days postimmunization, at which point the
majority was found in aggregates representing newly developing
GCs. In contrast, RFP+ T cells did not concentrate within the
primordial GC (confirmed by PNA staining in serial sections),
but rather remained spread relatively evenly throughout the
follicle.
We used intravital two-photon laser scanning microscopy to
directly observe the behavior of Ag-specific T and B cells in
the IF zone over the first 3 days after immunization. Again,
RFP+ OVA-specific T cells and GFP+ NP-specific B cells were
transferred to SMARTA recipients. Prior to imaging, CFP+ naive
nonresponding B cells were transferred in order to visualize the
follicular borders. As observed by histology, Ag-specific T and
B cells were found within the IF zone 1 and 2 days postimmuni-
zation. Both cell types were highly motile, yet remained con-
strained outside of the follicle or within a short distance of the
follicular border (Figure 2A; Movie S1, Movie S2, and Movie
Figure 1. Ag-Specific T and B Cell Migration through Lymph Node
Microenvironments Early in the GC Response
NP-specific GFP+ B cells and OVA-specific RFP+ T cells were isolated and
transferred to SMARTA TCR-Tg recipients, which were then immunized
1–3 days later with NP-OVA in CFA. Draining popliteal lymph nodes were
harvested 1–4 days later and prepared for histology.
(A) Sections were stained for B220 to highlight follicles as well as GFP and RFP
to identify Ag-specific B and T cells, respectively (left; scale bars represent
100 mm). To quantify cell homing within lymph node microenvironments,
different regions were identified based on follicular borders and the capsule
(top right), as described in Experimental Procedures. Cells in each zone were
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Fate Decisions in the Interfollicular ZoneS3). B and T cells appeared to move randomly within the zone
but with a tendency to remain at or near the follicular border
(data not shown). Three days postimmunization, T cells were
no longer constrained to the IF zone and instead moved into
and throughout the follicle, whereas B cells remained largely
excluded (Figure 2B). Many examples of T cells leaving the
area near to the follicular border and entering the deeper follicle
were evident (Figure 2C). Although less frequent, similar exam-
ples of B cells entering the follicle were also observed. Therefore,
follicular T cells and B cells can enter directly from the IF zone
and are not required to enter from some other site, such as the
T cell zone or via the SCS route.
Ag-Specific T and B Cells Interact with Each Other while
in the IF Zone
In our histology studies, pairs of Ag-specific T andB cells in close
contact could be regularly found in the IF zone 1–2 days postim-
munization (Figure 3A, left). Analysis revealed that, although
similar proportions of Ag-specific B cells at the T cell-B cell
border and in the IF zone were in contact with one or more
cognate T cell(s), the largest number of contacts were observed
in the IF zone because the majority of B cells were found there
(Figure 3A, right). Mobile conjugates of T and B cells were also
identified in the IF zone 1–3 days postimmunization by intravital
microscopy (Figure 3B; Movie S4). Many of these were long
lived, in that the cells remained in contact and migrated
together for the entire time the pair could be observed, in
some cases longer than 40 min. In other cases, pairs of T and
B cells were observed to separate and form new partnerships
with other cells.
We developed a custom computational algorithm (see Exper-
imental Procedures) to identify interacting cells and analyze their
number and duration. Numerous interactions between Ag-
specific T and B cells, including long-lived (>15min) interactions,
were identified at all time points (Figure 3C; Figure S2), although
there was a trend for these long interactions tomake up a smaller
proportion of total interactions as the response progressed (Fig-
ure 3C). Similarly, themedian interaction length also tended to be
shorter (day 3 compared to day 1 postimmunization), but not
significantly so. As reported previously (Okada et al., 2005), cells
in conjugate pairs and T cells in particular had a slower displace-
ment rate compared to unpaired cells (not shown).
Analysis of the position of conjugate pairs relative to the follicle
border revealed that pairs remained largely confined to the IF
zone, with the vast majority not penetrating further than 75 mm
into the follicle. This remained true 3 days postimmunization,
when T cells were beginning to enter the follicle from the IF
zone (Figure 3D). Therefore, neither cell type ‘‘carries’’ the other
into the follicle. Rather, follicular entry by unpaired cells from the
IF zone (Figure 2D) is probably dependent on individual T and B
cells achieving a sufficient level of differentiation.counted in images of complete lymph node sections and the fraction for each
cell type was divided by the fraction of the area, such that a value >1 =
enrichment and <1 = exclusion (right). Data shown as mean + SEM. n = 5 for
day 0, 3 for day 1, 6 for day 2, 5 for day 3, 6 for day 4. See also Figure S1.
(B) The distance between eachGFP+ B cell to the capsule wasmeasured in the
IF zones of three separate lymph nodes (six and eight separate IF zones in total
for day 1 and day 2, respectively). The red line represents the mean.
Immunity 34, 947–960, June 24, 2011 ª2011 Elsevier Inc. 949
Figure 2. Two-Photon Laser Scanning Microscopy of Ag-Specific T and B Cells in the IF Zone
RFP+ and GFP+ Ag-specific T and B cells were transferred to SMARTA recipients and two-photon microscopy was performed on draining popliteal lymph nodes
1–3 days after footpad immunization with NP-OVA in CFA. CFP+ naive, nonresponding B cells were transferred 2 days prior to imaging to visualize B cell follicle
borders.
(A) Tracks of Ag-specific T cells (top) and B cells (center) are overlaid on follicle borders (blue). A histogram of themean distance for individual T and B cell tracks to
the follicular border is plotted (bottom). One example of 4–6 experiments for each time point is shown. See also Movie S1, Movie S2, and Movie S3.
(B) T cells migrate deeper into the follicle than B cells 3 days postimmunization. Mean T versus B cell distance from the follicle border was measured. Data points
represent mean values from separate experiments. Linked T and B cell values represent paired data from the same experiment. *p < 0.05, paired Student’s t test.
(C) Track and track displacement for selected T and B cells observed leaving the area of the IF zone moving into the follicle 3 days postimmunization are shown.
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that of Antigen-Specific B Cells in the IF Zone
The evidence presented above suggests that the IF zone is a site
where differentiation of GC B cells and Tfh cells may be initiated.
Within this adoptive transfer system, B cell proliferation and
differentiation was completely dependent on the presence of
cognate T cells, as indicated by the fact that no evidence of
GC formation or expansion of the Ag-specific population was
evident 8 days postimmunization (not shown). One day postim-
munization, 70% of Ag-specific T cells but only 30% of Ag-
specific B cells in the IF zone expressed Ki67, a marker of cells
in cycle (Figure S3B). By 2 and 3 days postimmunization, the
large majority of both T and B cells in the IF zone were in cell
cycle. Bcl6-expression levels of activated T and B cells was as-
sessed by histology to serve as an indicator of progression along
the Tfh cell or GC B cell pathways. Immunofluorescence staining
for Bcl6 required treating formalin-fixed tissue sections with heat
in citrate buffer. This antigen recovery protocol made Bcl6
staining possible while still permitting staining for GFP and
B220. However, several other antigens, including RFP and all
T cell markers we tested, were destroyed (not shown). Because
no cells other than GC-committed B cells and Tfh cells are
known to express Bcl6 in the follicular areas of lymph nodes,
we assumed that Bcl6hiGFP cells represent Ag-specific T cells.
Bcl6dimGFP cells first appeared exclusively in the IF zone 1 day950 Immunity 34, 947–960, June 24, 2011 ª2011 Elsevier Inc.postimmunization (Figure 4A). By 2 days postimmunization,
many Bcl6hiGFP cells could be observed predominantly in the
IF zone but also deeper in the T cell zone (Figure 4A; Figure S3B).
Consistent with the invasion of the follicle by Ag-specific T cells
3 days postimmunization (Figure 1 and confirmed in serial
sections, not shown), many Bcl6hiGFP cells were scattered
throughout the follicle at this time point and a day later, after
the formation of a new GC (Figure 4A, day 4).
Although occasional Bcl6hi B cells could be found earlier,
widespread Bcl6 expression by GFP+ Ag-specific B cells in the
IF zonewas not evident until 2 days postimmunization (Figure 4A;
Figure S3B), a day later than T cells and a day after the B cells
had arrived at the site. Bcl6hiGFP+ B cells were predominantly
constrained to the IF zone 3 days postimmunization. At 4 days
postimmunization, they were largely found within newly formed
GCs, although some were also found free in the follicle between
the GC and the IF zone or the capsule. Therefore, the earliest
evidence of progression toward the Tfh cells and GC B fates is
observed in the IF zone, and the bulk of T cell differentiation
precedes that of B cells by approximately a day.
We analyzed the kinetics of Bcl6 expression in transferred Ag-
specific T and B cells by flow cytometry. Similar to the histology
experiments described above, RFP+ OVA-specific T cells and
GFP+ NP-specific B cells were transferred to SMARTA recipients
and lymph nodes were harvested 1–4 days postimmunization
Figure 3. T and B Cells Continually Form Long-Lived Interactions in the IF Zone 1–3 Days Postimmunization
(A) Representative immunofluorescence images of Ag-specific (Ag-sp.) T and B cells in close contact in the IF zone 1 and 2 days postimmunization (scale bar
represents 100 mm). The fraction of GFP+ B cells in close contact with one or more RFP+ T cells in the IF zone versus the T cell-B cell border is shown (right).
(B) Still images from a multiphoton observation 2 days postimmunization showing the tracks of T and B cells migrating together in conjugate pairs (highlighted).
See also Movie S4.
(C) Long-term interactions between Ag-sp. B and T cells were observed in the IF zone 1–3 days postimmunization. Interacting cells were identified as described in
Experimental Procedures. The fraction of total interactions lasting longer than 15 min (top) and median interaction duration (bottom) for individual experiments 1,
2, and 3 days postimmunization are shown. See also Figure S3.
(D) Interacting T and B cells remain confined to the IF zone. The tracks of T and B cells identified to be in B cell-T cell interactions (bold) are overlaid on all T and B
tracks (light) and the follicle border (top). A histogram of the mean distance for individual T and B cell tracks to the follicular border is plotted, with tracks in pairs
shown in dark and not in pairs in light color (bottom). One representative of four experiments day 3 postimmunization is shown.
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evident 4 days postimmunization (Figures 4B and 4C, top),
consistent with the emergence of the primordial GC at this
time point (Figure 4A, day 4). Prior to this, a population of B cells
expressing an intermediate level of Bcl6 emerged 2 days postim-
munization, consistent with the presence of Bcl6dim B cells in the
IF zone (Figure 4A, days 2 and 3). Bcl6 expression by RFP+
T cells was evident as early as 1 day postimmunization (Figures
4B and 4C, bottom). Unlike the B cells, however, after day 2 post-
immunization, there was no distinct separation between Bcl6hi
and Bcl6lo-neg cells, suggesting that there is a gradient of expres-sion within the entire responding T cell population. This is consis-
tent with the presence of some Bcl6+GFP cells in the T cell zone
2 days postimmunization, but not before (Figure 4A; Figure S3B).
Higher expression of Bcl6 correlated with higher expression of
PD-1 at this time point (Figure 4B, bottom).
The Region Adjacent to the SCS Is a Second Site
for B Cell Expansion and Differentiation, but Not
for GC-Committed Cells
As noted above (Figure 1), starting 3 days postimmunization,
in addition to those found in the IF zone, a large number ofImmunity 34, 947–960, June 24, 2011 ª2011 Elsevier Inc. 951
Figure 4. Differentiation of GC B Cells and Tfh Cells Begins in the IF Zone Early in the GC Response
(A) Sections were treated with an Ag-recovery protocol, which improves Bcl6 staining while destroying RFP, prior to staining for Bcl6, GFP, and B220. Higher-
magnification images from the areas indicated in the left-most column are shown in the right two columns. Scale bar represents 100 mm. Arrows point to examples
of GFP+ cells also staining for Bcl6. See also Figure S4C.
Immunity
Fate Decisions in the Interfollicular Zone
952 Immunity 34, 947–960, June 24, 2011 ª2011 Elsevier Inc.
Immunity
Fate Decisions in the Interfollicular ZoneAg-specific B cells congregated in the area adjacent to the SCS.
This population may be analogous to the proliferating population
in the outer follicle of the spleen reported by Coffey et al. (2009)
and is also apparent in the spleen in ourmodel system (Figure S1,
day 4). Consistent with Coffey et al. (2009), we found that cells
adjacent to the SCS in the lymph node frequently expressed
Ki67 (Figure 5A; Figure S4A). However, despite the fact that
Bcl6+ B cells were clearly evident in the IF zone a day prior to
the emergence of the SCS population (see Figure 4A and Fig-
ure S3B), cells at the SCS did not evidently express Bcl6 (Fig-
ure 5A; Figure S4B). Therefore, B cell expansion at the SCS
does not precede commitment to the GC pathway, which is
observed first in the IF zone, nor is it an evident source of
Bcl6hi B cells. Investigation of later time points revealed that
the population adjacent to the SCS was maintained long after
the development of a mature GC (e.g., Figure 5A, day 6) but
began to disappear 10 days postimmunization. Although
Bcl6hiGFP+ B cells could occasionally be observed near to the
population adjacent to the SCS by histology, the population
adjacent to the SCS as a whole remained negative. By contrast,
beginning 5–6 days postimmunization, many cells at the SCS
displayed elevated intracellular immunoglobulin lambda light
chain, consistent with plasmablast differentiation (Figure 5A;
Figure S4B).
The population of B cells adjacent to the SCS was continuous
with the population in the IF zone (Figure 5B), suggesting that the
IF zone could serve as a source. Intravital observations of the
cells adjacent to the SCS 4 days postimmunization revealed
that, although some Ag-specific B cells in the SCS area
appeared to move relatively freely, others remained stationary,
perhaps indicating that they are interacting with some other
nonfluorescent cell type (Figure 5C; Movie S5). At the same
time, many highly mobile GFP+ B cells were observed in the
follicle. As the cells moved freely in the follicle, sometimes
approaching the SCS, it is not possible to exclude the possibility
that some cells migrate in either direction. However, a trend of
movement from the SCS into the follicular interior was not dis-
cerned. Rather, cells at the SCS tended to remain relatively close
to the capsule, suggesting that they may be a distinct population
from the follicular B cells.
Ag-Specific T Cells Express Tfh Cell Markers
in the IF Zone Very Early in the GC Response
Nothing is currently known about where or when T cells commit
to Tfh cell differentiation. Tfh cells are typically identified by the
combined expression of PD-1 and CXCR5 (King et al., 2008;
Nurieva and Chung, 2010; Reinhardt et al., 2009; Vinuesa
et al., 2010). More recently, GL7 expression by a subset of follic-Representative images from two separate experiments of four or more lymph no
(B and C) Flow cytometry analysis of Bcl6 expression by Ag-specific T and B ce
specific B cells were transferred to nonresponding SMARTA recipients, which wer
were timed so that analysis was performed on the same day for all time points. Dra
One representative of two separate experiments is shown.
(B) Bcl6 expression by Ag-specific (Ag-sp.) (GFP+) B cells (CD45R+CD4) was com
specific (RFP+) T cells (CD4+CD45R) was compared to that of nonresponding en
marker PD-1 for RFP+ T cells is shown (bottom). One representative histogram o
(C) Bcl6 expression by responding T cells precedes that of responding B cells. T
B cells expressing intermediate levels of Bcl6 were not present until 2 days po
**p < 0.01, ***p < 0.001 versus naive.ular T cells has been associated with their presence in the GC
and higher production of the cytokines required for B cell help
(Yusuf et al., 2010). To identify the earliest emergence of
T cells with the Tfh cell phenotype, GFP+ Ag-specific T and
nonfluorescent Ag-specific B cells were transferred to SMARTA
recipients. After immunization with NP-OVA, expression of PD-1,
CXCR5, and GL7 by Ag-specific T cells was analyzed by flow
cytometry. In unimmunized mice, all transferred CD4+GFP+
T cells were negative for the three markers (Figure 6A) and
were CD44loCD62Lhi (not shown). Within 1 day of immunization,
virtually all transferred cells had converted to a CD44hiCD62Llo
activated phenotype (not shown). Additionally, they expressed
high levels of PD-1 and most (70%) also expressed CXCR5
(Figure 6A; Figure S5A). Surprisingly, 1 day later (2 days postim-
munization), the majority of Ag-specific T cells also stained
brightly for GL7 (Figures 6A and 6C; Figure S5B). Of the Tfh
cell markers tested, we expected GL7 to be induced later, based
on its expression by only a subset of Tfh cells in the mature GC
(Yusuf et al., 2010). Immunofluorescence histology confirmed
that the majority of RFP+ T cells expressed high levels of PD-1,
regardless of their location. Indeed, 1–3 days postimmunization,
PD-1hiRFP+ T cells were found within the IF zone and the T cell
zone (Figure 6D). Strikingly, 2 days postimmunization, the
majority of T cells throughout the lymph node stained for GL7
(Figure 6E). Therefore, the PD-1hiCXCR5+GL7+ phenotype,
commonly used to identify Tfh cells later in the response, in
fact describes the majority of Ag-specific T cells at day 2 postim-
munization, which is prior to their entry into the follicle but after
the onset of Bcl6 expression.
As the response progressed, the PD-1hiGL7hiCXCR5hi pheno-
type was maintained by only a subset of cells. By 2 days postim-
munization, the proportion of cells expressing CXCR5 had
decreased (Figure 6A). Interestingly, levels of PD-1 expression
by CXCR5 cells began to decrease 3 days postimmunization
and continued to fall as the response matured (Figures 6A and
6B). Commensurate with this, it was not until 4 days postimmu-
nization that a distinction could be made between PD-1 T cells
in the T cell zone and PD-1+ cells in the follicle by histology (Fig-
ure 6D). Eight days after immunization, representing a mature
GC time point, the PD-1hiCXCR5+ Tfh cell population described
by others (King et al., 2008; Nurieva and Chung, 2010; Reinhardt
et al., 2009; Vinuesa et al., 2010) was distinguishable from
PD-1loCXCR5 T cells (Figure 6A). Only a small subset of the
PD-1hiCXCR5+ cells remained GL7+ at this time point (Figure 6C;
Figure S5B), consistent with a previous report (Yusuf et al.,
2010). Therefore, the Tfh cell phenotype represents the mainte-
nance of markers that had been expressed by the majority of
Ag-specific T cells early in the GC response.des for each time point are shown.
lls in the developing GC response. RFP+ OVA-specific T cells and GFP+ NP-
e immunized in the footpadswith NP-OVA in CFA. Transfers and immunizations
ining popliteal lymph nodes were collected and dissociated for flow cytometry.
pared to that of endogenous (GFP) B cells (top). Similarly, expression by Ag-
dogenous (RFPPD-1) T cells (middle). Expression of Bcl6 versus the Tfh cell
f four shown for each time point.
cells expressing Bcl6 were evident 1 day postimmunization (bottom), whereas
stimmunization (top). Percent of the parent population is shown. *p < 0.05,
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Figure 5. The Region Adjacent to the SCS Is a Site for
B Cell Expansion, but Not for GC B Cell Differentiation
(A) Immunofluorescence staining of lymph node sections from
mice that had received GFP+ NP-specific B cells and RFP+ OVA-
specific T cells. Serial sections stained with Bcl6 (second panel
from left and corresponding panels to the right showing only the
Bcl6 and Lambda channels and, furthest right, the GFP channel
alone) underwent an antigen-recovery protocol that destroys RFP.
Scale bar represents 100 mm. See also Figure S5.
(B) Immunofluorescence of two example 3 days postimmunization
lymph nodes demonstrating the continuity between the IF and
SCS B cell populations. Labels as in (A), left column. Scale bar
represent 100 mm.
(C) Tracking data from a representative of five two-photon
microscopy experiments 4 days postimmunization showing the
tracks of Ag-specific B cells (green) adjacent to the capsule (gray)
and follicle boundary (blue). See also Movie S5.
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Independently of Cognate B Cells
Several recent studies have suggested that Tfh cells require
interactions with cognate B cells for their development. These
have, in general, used flow cytometry to identify Tfh cells pheno-
typically at later, mature GC time points. Based on our studies
above showing that the Tfh cell phenotype is acquired early in
the IF zone, but maintained over time, we performed an experi-954 Immunity 34, 947–960, June 24, 2011 ª2011 Elsevier Inc.ment to determine the requirement for cognate B cells
at early stages of the GC response. Ag-specific GFP+
B cells and RFP+ T cells, or T cells alone, were trans-
ferred to MD4 BCR Tg recipient mice to eliminate the
endogenous B cell response to NP. Popliteal lymph
nodes were harvested and prepared for histology 4
and 8 days postimmunization with NP-OVA. Similar
to previous experiments (Figure 1), GCs formed by
4 days postimmunization in mice that had received
both Ag-specific T cells and B cells but not T cells
alone. RFP+ T cells were scattered in large numbers
throughout the follicle and expressed PD-1 and ICOS
(Figure 7A and see Figure S6A for higher-magnification
images). Surprisingly, PD-1+ICOS+ Ag-specific T cells
were also found in large numbers in the follicles ofmice
that did not receive cognate B cells. A similar distribu-
tion of Bcl6hiGFP T cells was also observed in the
follicles of these mice. This demonstrates that, at this
early time point, T cells with a Tfh cell phenotype can
differentiate and enter the follicle in the absence of
interactions with B cells presenting cognate protein
antigen, although analysis of their density revealed
significantly fewer cells in the follicle compared to
those that received cognate B cells (Figure 7B).
Even 8 days postimmunization, a time point repre-
senting a more mature GC response, large numbers
of RFP+ Ag-specific T cells remained in the follicle in
the absence of cognate B cells (Figure 7A; Figure S6A),
though again at significantly lower numbers than when
the Ag-specific B cells were present (Figure 7B). Bcl6hi
cells also remained in the follicle (Figure 7A; Fig-
ure S6A), demonstrating that many cells maintained
their commitment to the Tfh cell developmentalprogram. Indeed, analysis by flow cytometry revealed that Bcl6
expression by CXCR5hi Ag-specific T cells (as defined in Fig-
ure 6A) was not affected by the absence of cognate B cells at
this time point (Figure S6B). However, few of the follicular
T cells expressed PD-1 or ICOS (Figure 7A), suggesting that,
without the presence of B cells that recognize specific Ag, follic-
ular T cells lose the Tfh cell phenotype. Indeed, similar to our
histological findings, flow cytometry of transferred Ag-specific
Figure 6. The Tfh Cell Phenotype Emerges Very Early in the GC Response
(A–C) Flow cytometry analysis of Ag-specific T cells in the developing GC response. GFP+ OVA-specific T cells and nonfluorescent NP-specific B cells were
transferred to nonresponding SMARTA recipients, which were immunized in the footpads with NP-OVA in CFA. Transfers and immunizations were timed so that
analysis was performed on the same day for all time points. Draining popliteal lymph nodes were collected and dissociated for flow cytometry.
(A) Transferred T cells (CD4+GFP+) were analyzed for the expression of Tfh cell markers CXCR5, PD1, and GL7. One representative plot of four is shown.
(B) PD1 is highly expressed by nearly all responding T cells early in the response but is maintained on the CXCR5hi subset only as the response matures. Mean
fluorescence intensity (MFI) for PD1 for CXCR5hi and CXCR5lo cells (boxes A and B from [A], naive) is shown. nd, none detected. **p < 0.01, ***p < 0.001 versus
naive. See also Figure S6A.
(C) Expression of the GL7 ligand is maintained on only a subpopulation of CXCR5hiPD1hi T cells. CXCR5hi and CXCR5lo cells (boxes A and B from [A], naive) were
analyzed for GL7 staining. GL7hi as a percent of the parent population is shown. ***p < 0.001 versus naive. See also Figure S6B.
(D and E) Immunofluorescence staining for Tfh cell markers on responding Ag-specific T cells in the IF zone. Lymph node sections from immunized SMARTA
recipients of GFP+ NP-specific B cells and RFP+ OVA-specific T cells were stained for PD-1 (D) or GL7 (E). Scale bars represent 100 mm.
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Figure 7. Maintenance of the Tfh Cell
Phenotype Is Dependent on Cognate B
Cells, but the Initial Differentiation of the
Tfh Cell Subset Is Not
(A) RFP+ Ag-specific T cells were transferred with
and without cognate GFP+ B cells to MD4 BCR-Tg
recipients. Popliteal lymph nodes were collected
4 days and 8 days after footpad immunization with
NP-OVA and prepared for immunofluorescence
histology. Sections stained for Bcl6 expression
(center) were first treated with an antigen-recovery
protocol that destroys RFP. One representative
image of five to six lymph nodes shown for each
group. Scale bar represents 100 mm.
(B) Quantification of Ag-specific T cells in the
follicle in the presence and absence of cognate
B cells. Each data point represents an individual
lymph node. **p < 0.01, ***p < 0.001.
(C–E) Flow cytometry analysis of the Tfh cell
phenotype in the absence of cognate B cells.
GFP+ OVA-specific T cells were transferred with
and without nonfluorescent NP-specific B cells to
MD4 recipients, which were immunized in the
footpads with NP-OVA in CFA. Transfers and
immunizations were timed so that analysis was
performed on the same day for all time points.
Draining popliteal lymph nodeswere collected and
dissociated for flow cytometry.
(C) Transferred T cells (CD4+GFP+) were analyzed
for the expression of Tfh cell markers CXCR5,
PD1, and GL7. One representative plot of four is
shown.
(D) PD1 expression by responding T cells is not
effected by the absence of cognate B cells 2 days
postimmunization, but is significantly reduced on
CXCR5hi cells 8 days postimmunization in their
absence. Mean fluorescence intensity (MFI) for
PD1 for CXCR5hi and CXCR5lo cells (boxes A and
B from [C], left) is shown. *p < 0.05, ***p < 0.001.
(E) GL7 ligand expression is unaffected 2 days
postimmunization, but the GL7hiCXCR5hi pop-
ulation is largely lost 8 days postimmunization
when cognate B cells are absent. CXCR5hi and CXCR5lo cells (boxes A and B from [A], naive) were analyzed for GL7 staining. Percent GL7+ for each population is
shown. **p < 0.01, ***p < 0.001.
(F) IL-21 and IL-4 production by CXCR5hi T cells is lost in the absence of cognate T cells. GFP+ OVA-specific T cells were transferred with and without
nonfluorescent NP-specific B cells to MD4 recipients, which were immunized in the footpads with NP-OVA in CFA. Lymph nodes were harvested 8 days later and
CXCR5hi and CXCR5lo transferred T cells were sorted according to the gates described in (C). cDNA was generated from mRNA and the expression of the IL-21
and IL-4 genes relative to b-actin was determined by quantitative PCR. *p < 0.05 **p < 0.01; n = 4.
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expression induced very early in the GC response (Figure 6A)
is unaffected by the absence of cognate B cells (Figure 7C).
However, at 8 days postimmunization, PD-1 was significantly
reduced on CXCR5hi responding T cells (Figure 7D), and the
GL7hi subpopulation of cells with the Tfh cell phenotype was
no longer maintained when Ag-specific B cells were not also
transferred (Figure 7E). Similarly, production of IL-21 and IL-4,
which is associated with Tfh cell function, was also significantly
reduced in the absence of cognate B cells to the levels equiva-
lent to those of non-Tfh Ag-specific (Figure 7F) or nonresponding
T cells (not shown), as determined by quantitative PCR after cell
sorting of these cell subsets. Therefore, B cells are not required
for Tfh cell differentiation in the IF zone, migration into the follicle,
or even maintenance of Bcl6 expression in some cells, but intra-956 Immunity 34, 947–960, June 24, 2011 ª2011 Elsevier Inc.follicular maintenance of the PD-1hiICOShiGL7hi phenotype
requires the continued presence of antigen-specific B cells.
DISCUSSION
The commitments made by Ag-specific T and B cells to differen-
tiate along the Tfh cell or GC B cells fate pathways are pivotal
events early in the formation of a GC response. Here, we identify
the IF zone in the lymph node as the site where the initial differ-
entiation occurs. Consistent with this, responding T and B cells
remain confined to the IF zone for several days, during which
they form long-lived interactions with each other. These interac-
tions are thought to drive subsequent differentiation, and indeed,
the earliest evidence of progression along the Tfh cell and GC
B cell pathways is observed within the IF zone.
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tions that form between cognate B and T cells (Okada et al.,
2005; Qi et al., 2008). The anatomical context of these interac-
tions had not been previously determined, however, and we
show here that they remain largely constrained within the IF
zone in lymph nodes. Long-lived interactions were observed
throughout the first 3 days of the response with an overall
tendency for interaction length to decrease with time. We identi-
fied several examples of B cells disengaging from one T cell, only
to form a new pair with another one a short time later. Therefore,
in the case of B cells, it is likely that differentiation signals are
acquired through serial interactions over time, rather than result-
ing from a single interaction.
Although most reviews of GC formation principally implicate
the border between the follicle and the T cell zone as themeeting
site for activated T and B cells, a small number of studies
described the presence of responding B cells within IF zones
as well as along the T cell-B cell border, although they did not
consider these sites separately (Garside et al., 1998; Pereira
et al., 2009). It is not yet clear how directly this model applies
to lymphoid tissue within the spleen that, despite the similarities
to the lymph node, differs considerably in organization. The
routes by which lymphocytes and Ag gain access to the
lymphoid tissue also differ. Indeed, especially in cases where
only a single follicle was apparent around a central arteriole,
B cells homed less exclusively to IF zones or follicle edges in
the spleen compared to the lymph node. In addition, the popula-
tion in the outer follicle of the spleen was less condensed than
the Ag-specific B cells tightly associated with the SCS in the
lymph node. Nevertheless, there are already indications in the
literature that the IF zone and outer follicle may be unique micro-
environments that lymphocytes home to specifically at different
stages of their differentiation (Pereira et al., 2010).
There has been a great deal of recent interest in the differenti-
ation of Tfh cells, but there have also been conflicting conclu-
sions regarding its timing and, in particular, the role of cognate
B cells. Recent studies have demonstrated that the transcrip-
tional repressor Bcl6 is the master regulator of Tfh cell differen-
tiation and suggest that it can control the expression of several
Tfh cell markers, including CXCR5, PD-1, and ICOS (Johnston
et al., 2009; Nurieva et al., 2009; Yu et al., 2009b). The expression
of Bcl6 itself is thought to result from T cell interactions with
APCs (Nurieva et al., 2008, 2009), which have been assumed
by many to be B cells, based on the reports suggesting that
cognate B cells are required for Tfh cell differentiation (Akiba
et al., 2005; Haynes et al., 2007; Johnston et al., 2009; Nurieva
et al., 2008). However, Poholek et al. (2010) recently demon-
strated that Bcl6 expression by T cells precedes their relocation
from the T cell zone and, therefore, probably occurs in response
to interactions with DCs prior to encountering cognate B cells.
Consistent with this, we observed that themajority of responding
T cells expressed some amount of Bcl6, in addition to CXCR5
and PD-1. There was a wide distribution of Bcl6 expression by
T cells, which correlated with that of PD-1 by FACS. Histology
revealed that highest Bcl6 expression was associated with
T cells within the IF zone. Therefore, T cells expressing high
amounts of Bcl6 probably go on to differentiate into Tfh cells.
Similar to PD-1 and CXCR5, the GL7 ligand was also ex-
pressed by nearly all responding T cells, though not until a daylater. Again, because expression was not limited to IF zone but
was also expressed by cells in the T cell zone, B cells are unlikely
to be solely responsible for inducing it. The early and general
expression of the GL7 ligand suggests that the recently
described GL7hi Tfh cell population (Yusuf et al., 2010) is not
likely to be derived from a separate lineage or induced later
within the GC. Therefore, high expression of CXCR5, ICOS,
PD-1, and GL7 represents a transient activated phenotype that
is shared by nearly all responding T cells early in the response.
Transient CXCR5 and ICOS expression by recently activated
T cells has previously been reported (Ansel et al., 1999; King
et al., 2008), but we are not aware of similar reports for PD-1
and GL7.
The suggestion that B cells are required for Tfh cell differenti-
ation, similar to the T cell requirement for GC B cells, had offered
an attractive symmetry to the process of GC initiation. However,
the recent observation by Deenick et al. (2010) that the Tfh cell
population could be rescued in the absence of cognate B cell
help through the repeated administration of specific antigen
effectively retired the notion of a unique B cell-intrinsic signal
for Tfh cell differentiation. Our observations, although consistent
with this conclusion, demonstrate that the initial differentiation
of Tfh cells can occur in the absence of cognate B cells after
a single immunization. Although reduced in number, follicular
T cells that developed early in the response under these condi-
tions expressed Bcl6 and Tfh cell markers to a similar degree
compared to those in the presence of B cells early in the
response.
In contrast to their induction, the maintenance of the proto-
typic Tfh cell phenotype in the follicle is dependent on cognate
B cells. Although expression of Bcl6 was maintained, PD-1,
ICOS, and GL7 ligand expression was dramatically reduced (or
lost) with time in the absence of cognate B cells. This explains
the loss of Tfh cells, by phenotype, observed in previous studies
(Akiba et al., 2005; Haynes et al., 2007; Johnston et al., 2009),
and reconciles these observations with those of Deenick et al.
(2010). Therefore, we propose a model where initial Tfh cell
differentiation is driven by T cell interactions with a non-B
cell APC, but subsequent maintenance of the activated Tfh cell
phenotype and cytokine production within the follicle is depen-
dent on cognate B cells, probably through ongoing presentation
of Ag and activation through the TCR.
Our findings indicate that responding B cells commit to the GC
pathway within the IF zone during the first 2 days of a T cell-
dependent immune response. Bcl6hi Ag-specific B cells were
first observed in the IF zone and nowhere else prior to their entry
into the follicle. Notably, we also observed a population of prolif-
erating Ag-specific B cells adjacent to the SCS, which may be
analogous to a recently described population of proliferating
cells in the outer follicle in the spleen (Coffey et al., 2009). It
was hypothesized that these cells represented an intermediate
clonal expansion step prior to formation of the GC, although
commitment to this pathway was not demonstrated. In agree-
ment with this study, we also observed Ki67 expression by the
B cells at the SCS prior to emergence of the GC; however, we
go on to demonstrate that Bcl6 expression was not evident at
this site, despite earlier expression in the IF zone. Therefore,
although we cannot formally exclude the possibility that some
cells from this population go on to contribute to the GC atImmunity 34, 947–960, June 24, 2011 ª2011 Elsevier Inc. 957
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commitment nor is it an obligatory route into the follicle. Instead,
the emergence of copious amounts of intracellular immunoglob-
ulin within many Ag-specific B cells at the SCS is consistent with
plasmablast formation at this site. It is also noteworthy that our
use of B cells bearing a mutant BCR heavy chain with essentially
fixed initial affinity for Agmay impact the kinetics of the response
or the fate decisions made by the cells early in the response.
More investigation is required to understand the intracellular
signaling events induced by interactions between Ag-specific
T and B cells and how affinity and signal strength can influence
their ultimate fate decisions.
To conclude, we identify the IF zone as a previously unknown
incubator for T and B cell differentiation very early in the GC
response. For T cells, which are normally excluded from the
follicle, the IF zone may represent a ‘‘neutral zone,’’ separate
from both the T cell zone and B cell follicles, where transition
into a follicle-homing subset can occur. Although unique signals
to drive Tfh cell differentiation may be present, it is not yet clear
what these might be, only that cognate B cells are not required.
For B cells, which clearly require signals from cognate T cells to
continue their progression along the T cell-dependent GC
program, the IF zone most probably provides a small and
confined space enriched with activated T cells in order to maxi-
mize the potential for these signals to be received.
EXPERIMENTAL PROCEDURES
Mice and Genotyping
B1-8 mice, homozygous for the targeted insertion of the Vh 186.2 Ig heavy
chain (IghVNP/VNP) allele derived from the B1-8 hybridoma specific for the
hapten NP (Maruyama et al., 2000) and also with a homozygous deletion of
the Jk locus (Chen et al., 1993), were used as a source of hapten-specific
B cells. Ovalbumin-specific TCR-transgenic (OT-II) mice (4194; Tg(TcraTcrb)
425Cbn/J; Jackson) were used as a source of carrier-specific T cells. Hapten-
or carrier-specific mice were further crossed with strains of mice expressing
fluorescent proteins within all nucleated cells that produced either eCFP
(3773; Tg(CAG-ECFP)CK6Nagy/J) or dsRed (6051; Tg(CAG-DsRed*MST)
1Nagy/J) under control of the b-Actin promoter or eGFP via the ubiqutin
promoter (4353; Tg(UBC-GFP)30Scha/J) obtained from Jackson Laboratory.
Mice carrying a transgene encoding a TCR specific for a LCMV epitope
(SMARTA) were used as recipients for cell transfers (Oxenius et al., 1998).
Some experiments used hen egg lysozyme-specific BCR transgenic (MD4)
mice as recipients (2595; Jackson). All mice had been fully backcrossed
onto the C57BL/6 background and were maintained under specific-path-
ogen-free conditions. Homozygosity of the IghVNP gene was detected by
PCR with the following primer sequences: Vh186.2 50-CTACTGGATGCACT
GGGTGA-30 and 50-TTGGCCCCAGTAGTCAAAGTA-30; and absence of the
JhD WT locus 50-GAGGAGACGGTGACCGTGGTCCCTGC-30 and 50-GGACC
AGGGGGCTCAGGTCACTCAGG-30. Homozygosity of the Jk knockout allele
was detected by an absence of a PCR product with the following primer
sequences: JkWT locus 50-CTGTAAATCACATTCAGTGATGG-30 and 50-CCG
AGCCGAACGTGAATCACA-30. SMARTA mice were screened for the pres-
ence of the TCR transgene by peripheral blood FACSwith a clonotype-specific
antibody against the Va2 chain of the TCR (B20.1, eBioscience). MD4 mice
were genotyped by the detection of IgMa (RS3.1 conjugated in-house to
AL647), a transgene Ig allotype that is not endogenously expressed on the
C57BL/6 background. All experiments were approved by the Yale University
Institutional Animal Care and Use Committee (IACUC).
Adoptive Transfers and Immunizations
Naive B cells were isolated from the spleens and lymph nodes of mice that
express either CFP or RFP ubiquitously by immunomagnetic purification
with the EasySep Negative Selection Mouse B Cell Enrichment Kit (StemCell958 Immunity 34, 947–960, June 24, 2011 ª2011 Elsevier Inc.Technologies). Hapten-specific B cells were similarly enriched from Jk-defi-
cient, B1-8 GFP+mice. T cells were isolated from the spleens and lymph nodes
of OT-II RFP+ or CFP+ mice with the EasySep Negative selection CD4+ T cell
enrichment kit (StemCell Technologies). Unless otherwise stated, for intravital
microscopy and histology experiments, the following numbers of B and T cells
were transferred for each time point: naive/day 1 postimmunization, 1 3 107
B/5 3 106 T; day 2 postimmunization, 5 3 106 B/1 3 106 T; day 3 and 4 post-
immunization, 33 106 B/53 105 T. For FACS experiments, 33 106 B cells and
53 105 T cells were transferred for all time points. Cells were injected intrave-
nously into SMARTA recipients that were immunized 24–72 hr later. In some
experiments, MD4 mice were used as recipients instead. Mice receiving
footpad immunizations were injected with 75 mg of NP-OVA emulsified in
complete Freund’s adjuvant (CFA, Sigma) at 1.5 mg/ml in the right hind
footpad. Alternatively, NP-OVA was precipitated in alum at 0.75 mg/ml and
200 mg injected i.p. The succinic anhydride ester of Nitrophenyl (Biosearch
Technologies) was conjugated to ovalbumin in-house (Sigma). To define the
follicle borders during intravital imaging, immunized recipients also received
an injection of 40 3 106 naive B cells either 24 or 48 hr prior to imaging.
Antibody Reagents
Antibodies with the following specificities were used for flow cytometry and
histology: GFP-FITC (goat, Rockland), Ki67-unconjugated (SP6, NeoMarkers),
Bcl6 (rabbit polyclonal N-3, Santa Cruz), Bcl6-AL647 (7D1, Santa Cruz), anti-
mouse IgL Lambda-AL647 (goat, Southern Biotech), PD-1-biotin (RMP1-30,
Biolegend), CXCR5-PE (2G8, BD Pharma), GL7-AL647 (eBioscience), CD44-
APC-Cy7 (1M7, BioLegend), CD95-PE-Cy7 (Jo2, BD PharMingen), and
ICOS-APC (C398.4A, Biolegend). The following antibodies were purified and
conjugated in-house: anti-CD45R-Pacific Blue and -A647 (RA2-6B2), anti-
CD4-Pacific Blue (GK1.5), and anti-CD62L-AL680 (Mel-14). Anti-rabbit IgG-
AL647 (goat, Rockland), anti-FITC-AL488 (goat polyclonal, Invitrogen), strep-
tavidin-AL555 (Invitrogen), and streptavidin-Pe/Cy7 (Invitrogen) were used
as secondary reagents.
Immunofluorescent Histology
Excised popliteal lymph nodes were fixed with 1% paraformaldehyde-lysine-
periodate solution and frozen in OCT (TissueTek) after passage through
sucrose gradient solutions. Cryostat sections (7 mm)were blocked in PBS con-
taining 1% BSA, 0.1% Tween-20, and 10% rat serum prior to staining with
combinations of the antibodies described above. Prior to staining with anti-
Bcl6, some sections underwent antigen retrieval with a 95C incubation in
a citrate-EDTA buffer. Stained sections were mounted in Prolong Gold anti-
fade mounting medium (Invitrogen). Separate images for each fluorochrome
were acquired with an automated wide-field microscope (Nikon Eclipse Ti)
and a CCD camera (QImaging Retiga 2000R) with NIS Elements software.
Emitted light was collected through 460/50, 525/50, 605/70, and 700/75 nm
bandpass filters. Final processing to overlay single-channel images was per-
formed with Adobe Photoshop.
To quantify Ag-specific T and B cell homing to different lymph node micro-
environments, different regions were defined based on follicular borders and
the capsule. The IF zone was defined as area between two follicles containing
a lower density of B220+ cells, extending from the capsule to the edge of B220
staining and 80–100 mm into either follicle. The T cell-B cell border was defined
as 80–100 mm on either side of the follicle border. The ‘‘sub-SCS’’ region was
defined as the area 80–100 mm from the capsule into the follicle. The ‘‘follicle’’
was defined as the remaining area within the follicle, and the T cell zone was
defined as the remaining area internal to the follicles but excluding the medul-
lary cords.
Flow Cytometry
Lymph node cell suspensions were initially blocked with an anti-Fc-g receptor
(CD16/32 2.4G2) in PBS containing 2% FCS before further incubation with
a combination of the indicated reagents. Dead cells were excluded on the
basis of propidium iodide uptake. Flow cytometry was performed on a LSRII
cytometer (Becton Dickinson) and analyzed with FlowJo software (Treestar).
At least 5 3 105 events were collected per sample. Fluorescence Minus One
(FMO) controls were used to guide further analysis of viable cells after doublet
discrimination.
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Cells were sorted as described above and RNA was isolated (RNeasy Plus kit,
QIAGEN). After cDNA was generated (Superscript VILO cDNA Sythesis Kit,
Invitrogen), the IL-21 and IL-4 genes relative to the b-actin genes were ampli-
fied (Mx 3000p, Stratagene) with the following primers: IL-21, sense 50-TGA
AAGCCTGTGGAAGTGCAAACC and antisense 50-AGCAGATTCATCACAGG
ACACCCA; IL-4, sense 50-CGAAGAACACCACAGAGAGTGAGCT and anti-
sense 50-GACTCATTCATGGTGCAGCTTATCG; b-actin, sense 50-AGTGTGAC
GTTGACATCCGTA and antisense 50-GCCAGAGCAGTAATCTCCTTCT. Rela-
tive gene expression was calculated as the log 2 difference between the Ct
value for the gene of interest and b-actin.
Intravital Microscopy
At the point in time postimmunization indicated in the figure legends, the popli-
teal lymph nodes of anesthetized mice were imaged. Mice were initially anes-
thetized by intraperitoneal injection of a ketamine and xylazine mixture and
subsequently with nebulized isoflurane/O2 gas mixture. Animals were immobi-
lized on a custom-built stage and the right popliteal lymph node was surgically
prepared as described previously (Mempel et al., 2004). The lymph node was
immersed in saline and covered with a glass coverslip. Temperature of the
lymph node was maintained at 37C during imaging.
For image acquisition, an Olympus BX61WI fluorescence microscope with
a 203, 0.95NA water immersion Olympus objective and dedicated single-
beam LaVision TriM laser-scanning microscope (LaVision Biotec) was
controlled by Imspector software. The microscope was outfitted with a
Chameleon Vision II Ti:Sapphire laser (Coherent) with pulse precompensation.
Emission wavelengths of 390–480 nm (blue, for CFP), 500–550 nm (green,
GFP), and 565–665 nm (orange-red, for RFP) were collected with an array of
three photomultiplier tubes (Hamamatsu). For 4D analysis of cell migration,
stacks of 15 optical sections with 3 mm z spacing were acquired every
20–25 s for 60–120 min with the laser tuned to a wavelength of either 850 or
880 nm. Each xy plane spanned 500 mm in each dimension with a resolution
of 0.977 mm per pixel.
Image Analysis
Volocity software (Improvision) was used to create QuickTime-formatted
movies of image sequences. All movies are displayed as 2D maximum inten-
sity projections, unless otherwise stated. Imaris software (Bitplane/Perkin
Elmer) was used to track cells and obtain xyz coordinates from individual
tracked cells over time. All cell tracks were individually examined to confirm
that they reported the behavior of a single cell.
Interacting T and B cells were identified with a custom program, the valid-
ity of which was verified manually. Pairs of cells were defined as ‘‘in contact’’
whenever their centeroids (as determined from tracking data) were within
20 mm of each other at a given time point. ‘‘Interacting pairs’’ were defined
as cells that remained in contact for a span of at least 3 min, during which
they were not out of contact for more than 1 consecutive time point.
We found that this algorithm accurately identified interacting pairs, but we
underestimated interaction times. Therefore, the tracks of interacting pairs
were reanalyzed, allowing for 25 mm between centeroids and gaps of up
to five time points where centeroids could exceed 25 mm, given that center-
oids were within the prescribed distance at the start and beginning of
the interaction. This was done to account for the biological fact that cells
would often stretch during migration, resulting in the cells’ centers being
more than 25 mm apart while the cell bodies themselves remained in contact.
Manual verification revealed that this algorithm provided accurate interaction
times.
To measure the distance between individual cell tracks and the follicle
border, estimated borders were defined manually in Imaris based on naive
B cells. The borders were saved as three-dimensional objects in a .vrml
format that defines surfaces as a mesh of triangles. The distance of each
cell to the follicle border was defined as the distance between the cell centroid
and the nearest triangle of the border, calculated with standard formulas
(http://web.mit.edu/ehliu/Public/Darmofal/DistancePoint3Triangle3.pdf). To
distinguish between inside and outside the follicle, we used the order in
which the triangle vertices were written by the Imaris software to determine
a sign (negative for inside, positive for outside) for each of the distance
measurements.Statistical Analysis
Prism software (Graphpad) was used to graph the data and for calculation of
statistical significance employing an unpaired Student’s t test and a two-tailed
95% confidence interval, unless otherwise indicated. ANOVA followed by
Student’s t test with a Bonferroni correction was applied to multiple
comparisons.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures and five movies and can be
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